A practical evaluation of crack growth lifetime using nonlinear fracture mechanics is needed for remaininglife assessment of high-temperature structural components after long-term service. In this study, creep-fatigue crack growth behavior under displacement-controlled conditions was examined using CT specimens on 2 1/4Cr-lMo steel. The J-integral estimation method and the crack growth prediction method using the fully plastic solution were also examined.
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Abstract: A practical evaluation of crack growth lifetime using nonlinear fracture mechanics is needed for remaininglife assessment of high-temperature structural components after long-term service. In this study, creep-fatigue crack growth behavior under displacement-controlled conditions was examined using CT specimens on 2 1/4Cr-lMo steel. The J-integral estimation method and the crack growth prediction method using the fully plastic solution were also examined.
Creep-fatigue crack growth under displacement hold could be separated into fatigue crack growth in the cyclic portion and creep crack growth in the holding portion. These two mechanisms were competitive with each other, and crack growth behavior was determined by the dominant mechanism of fatigue and creep. The f -integral approach using the fully plastic solution was introduced for predicting low cycle fatigue crack growth and creepfatigue crack growth with relaxation.
The suitability of this solution was verified by comparing prediction with ex-
INTRODUCTION
The importance of remaining-life assessment is increasing with respect to boilers and other high-temperature structural components of fossil power plants after longterm service. Research has been carried out to clarify practical crack-growth-evaluation methods using nonlinear fracture mechanics, which were applied to crack damage occurring in the ligaments of thick-walled boiler headers [1] [2] [3] . Other research involving fast breeder reactors [4, 5] has targeted development of a creep-fatigue crack growth evaluation method. Accordingly, improvement of hightemperature crack growth evaluation methods under creepfatigue conditions is desired, especially for thick-walled pressure parts, which are important high-temperature components. It is necessary to consider cyclic thermal stress under displacement control during start-up-shut-down transience, as well as relaxation under displacement hold in a steady operation. Considerable research has been conducted on creep-fatigue crack growth behavior under loadcontrolled conditions [6, 7] , due to the simplicity of this type of experiment, but research results are needed that can be applied to displacement controlled conditions corresponding to actual plant conditions.
In this study, high-temperature fatigue and creep-fatigue crack growth behavior of 21/4Cr-lMo steel, widely used as a boiler material, are clarified under displacement-controlled conditions using the slope-line-control method [8] . The creep crack growth behavior of the same material is also examined. In order to develop an advanced high-temperature crackgrowth-evaluation method, the crack growth life and the relaxation behavior of the specimen are estimated on the basis of J -integral analysis using the fully plastic solution under displacement-controlled conditions. The results obtained are compared with experimental values to demonstrate the suitability of the proposed method.
EXPERIMENTAL PROCEDURE

Materials and Specimens
The material tested is a normalized and tempered 2 1/4Cr-1Mo steel taken from a boiler super-heater header operated for about 200,000 hours of service.
The chemical composition and tensile properties of this material are necessary for J-integral calculation of crack growth life evaluation, is well approximated by the Ramberg-Osgood equation, The stress-strain relations in 1/4 stroke cycle and the half fatigue life are given respectively by the following equations: Table 1 . Chemical composition (wt%). where Ac and nc are the coefficient and exponent showing the creep deformation behavior. Units of stress, strain and time are MPa, mm/mm and hours, respectively.
A compact tension (CT) specimen with a width W of 50.8mm and a thickness B of 12.7mm was used in crack growth tests, and a 20% side groove was especially adopted in order to avoid the tunneling phenomenon during creep crack growth testing. Specimens having a machined notch and an electrical discharge machining (EDM) slit of about 1.5mm were pre-cracked by applying a loading cycle at a low stress level at room temperature. The side groove was processed after the fatigue pre-crack formation.
Experimental
Technique and Testing Conditions A computer-controlled servo-hydraulic testing machine with 245kN capacity was used in both the fatigue and the creep-fatigue crack-growth tests under displacementcontrolled conditions. The CT specimens were uniformly nave. A lever-type creep tester with a capacity of 19.6kN and equipped with an electric furnace was used for conventional creep crack growth tests under load-controlled conditions. The direct current electric potential method [9] was used for crack length measurement in the electric furnace. A load-line displacement and a rate of displacement are required to calculate the J -integral and the C*-integral values. A displacement gauge was attached at the knifeedge on the load line of the CT specimen, and the load-line displacement was measured by means of a linear-valuabledifferential-transformer (LVDT) placed outside the electric furnace. For digital data acquisition, the Power Lab system (AD Instruments Co.) was used to improve the efficiency of data processing.
In the elastic-plastic region, data generation by means of the slope-line-control method [8] is efficient in the case of fatigue crack growth testing using a fracture mechanics test specimen with a long initial crack length. The slopeline-control method shown in Fig. 1 is an incremental displacement-controlled test. A load reversal in the tension side of one cycle is carried out on the oblique line tying the load axis and the load-line displacement axis, and a load reversal in the compression side is carried out at zero displacement. When intersection point S on the load axis and point D on the displacement axis are appropriately set, a test featuring steady increase in the crack growth rate can obtain fatigue crack growth characteristics for a widely and the cyclic load was given under the condition of 2cpm.
Computer control of the stroke displacement of the testing machine was carried out in the slope-line-control test so as to avoid the effect of various disturbances in the displacement gauge of the CT specimen. The creep-fatigue crack growth test was carried out under slope-line control with displacement hold for 1 hour at the peak of the tension side.
Data Analysis Method
The J-integral is used as a fracture mechanics parameter of fatigue crack growth and creep crack growth in the elasgoverning fatigue crack growth and the C*-integral governing creep crack growth [8, 10] were calculated using the general calculation formula for the CT specimen. Since the where b=W-a, a=Crack length, w= Specimen width, B=Specimen thickness, nc=Exponent of Norton's creep law, and Sc=Area of the load vs. load-line displacement hysteresis loops during relaxation [11] .
The seven-point incremental polynomial method recommended in ASTM E647 was used for analysis of the crack growth rate. 
Fatigue Crack Growth Behavior
The change of the load vs. load-line displacement hysteresis loop with cycles in the elastic-plastic-fatigue crackgrowth test using the slope-line-control method is shown in Fig. 1 . Even with displacement cycles under the zerotension mode, the load cycling became a fully reversed condition in the elastic-plastic region, and an extension of the width of the hysteresis loop with the elapsed cycles was observed. The so-called "tail" associated with the rigidity change of the CT specimen by crack closure near the compression peak load in the hysteresis loop was observed as the crack grew. to the creep-fatigue crack growth test with 1hr-hold under the slope-line-control, is shown in Fig. 6 . The load showed substantial relaxation during the displacement hold for 1 hour, and this tendency is different from that identified in Fig. 1 . A slight increase in load-line displacement during the hold was also observed, even if the stroke displacement in the testing machine was fixed on the tension side. The crack growth curve, the change of the At the initial stage of the number of cycles, the change of the electric potential value during the cyclic portion was observed to be smaller than that during the hold time period. As the number of cycles increased, the change in the electric potential in the cyclic portion became dominant, and the electric potential during the hold time period showed no change at the last stage of the number of cycles. On the basis of these observations, the total crack growth rate during one cycle (da/dN)total was separated into two parts, namely the crack growth rate during the cyclic portion (da/dN) cycle and that during the hold time period (da/dN)time. The crack growth rates (da/dN)eyele and (da/dN)time were directly measured from the change of the electrical potential value during the cyclic portion and the hold time pe- nod. The variation of these three types of crack growth rates with the number of cycles is shown in Fig. 9 . The crack growth rate (da/dN)time during the hold time period, in other words, the time-dependent creep crack growth, was large prior to the 100th cycle. On the other hand, the crack growth rate (da/dN)eyele , which expresses cycledependent fatigue crack growth, was large after the 140th cycle, and the two rates were mixed in the intermediate number of cycles. Time-dependent crack growth rates before the 100th cycle in Fig. 9 are plotted in the vicinity of the static creep crack growth rates given in Fig. 10 . The
CRACK GROWTHLIFE EVALUATION
A systematic handbook on the fully plastic solution of Fig. 11 . Comparison between crack growth rate during cycle periods, (da/dN)cycle and fatigue crack growth property.
the J-integral by finite element analysis is available [13] . Both fatigue and creep-fatigue crack growth behaviors were predicted using the fully plastic solution, and the results obtained were compared with experimental results.
Prediction of Fatigue Crack Growth
Both ranges of the fatigue J-integral and the load-line displacement in the elastic-plastic condition are given by the following equations as the summation of the elastic and the fully plastic solutions.
fully plastic solution formula [13] , and Af and nf are the coefficient and exponent in the Ramberg-Osgood equation.
Fatigue crack growth behavior was predicted under the slope-line-control testing condition without hold time as shown in Fig. 1 . The range of cyclic loading was taken from the vicinity of Omm on the load-line displacement to the oblique line SD. The shift of the actual reverse position in compression was considered, and the crack opening load range in the long crack region was corrected by using the experimentally obtained crack closure data.
Predicted results in terms of both the fatigue J-integral experimental results in Fig. 12 . Predicted crack growth curve was derived as follows. Number of cycles for a small amount of crack growth is obtained using crack growth equation. By accumulating this cycles, the crack growth curve from the initial crack length to the fixed crack length is obtained. Although there was a slight difference between the experimental and estimated results, the predicted results agreed comparatively well with the experimental values under the complicated loading history.
Prediction of Creep-Fatigue Crack Growth
Prediction of the relaxation behavior during displacement hold in the loading cycle is necessary in crack growth life evaluation under the slope-line-control test with the fixed-displacement hold as shown in Fig. 6 . The analogy of the well-known analysis method for the relaxation behavior under the uniaxial stress condition [15] was adopted to obtain the following equations. The load variation due to relaxation during displacement hold can be derived using both the fully plastic solution [13] and the elastic compliance equation [14] on the load-line displacement rate. Equation (12) is given as a final result on the CT specimen:
where Here, Pmax in Eq. (12) is the load at the start point in displacement hold, t is the time from the start of hold, Y is a coefficient in the elastic compliance equation [14] , and Ac and nc are the coefficient and exponent in Norton's creep law.
With respect to the relaxation behavior under displacement hold conditions in 65th cycle and 187th cycle in Fig. 6 , experimental and predicted values are compared in Fig. 13 , where Pmax is adjusted to the experimental value. Although a rapid load reduction immediately after the hold start was observed, the load at the end of 1hr hold was almost stable and the predictions agreed well with the experimental values. The total crack growth rate (da/dN)total, during the cycle is supposed to be partitioned into a cycle-dependent portion (da/dN)cycle and a time-dependent portion (da/dN)hme. The cycle-dependent crack growth rate (da/dN) cycle was determined from fatigue tests without hold as depicted in the equation in Fig. 11 , while the time-dependent crack growth rate (da/dN)time was determined from the creep crack growth properties as depicted in the equation in Fig. 10 . Another approach for predicting creep-fatigue crack growth is the competitive damage rule or the dominant damage rule [7] given by In this rule, the cycle-dependent (da/dN)cycle and the timedependent crack growth rate (da/dN)time during creepfatigue conditions are competitive with each other, and the crack growth rate (da/dN)tatal is determined by the greater mechanism of the two. Predicted crack growth curves by the above two rules are shown in Fig. 15 . The experimental Fig. 15 . Crack growth prediction under the creep-fatigue condition by J-integral approach.
DISCUSSION
The J-integral approach using the fully plastic solution appears to be a practical method for life-assessment under fatigue and creep-fatigue crack growth, although various problems remain to be more fully addressed. The usefulness of this approach has already been demonstrated [10, 16] in evaluation of both low cycle fatigue crack growth and creep crack growth. For further development of this approach, the comparison between analysis and experiment should be performed on a wide variety of materials, structures and load conditions in the future. The influences of the constitutive equation on the estimation of the nonlinear fracture mechanics parameter in the creep-fatigue area are also left for further study. In other words, these represent the influence of thermal aging on cyclic stressstrain characteristics in the plasticity-creep interaction regime [17] and the influence of transient creep on creep deformation characteristics.
Ohtani and Kitamura [18] proposed an equation showing the transition between the time-dependent crack growth and the cycle-dependent crack growth on the basis of the magnitude of both crack growth rates. Their results were adopted in this paper in a different form: That is to say, when the equations of the fatigue crack growth rate and the creep crack growth rate are given as described in Figs. 10 and 11, the transition condition on the present material is given by
The slope-line-control method is considered as a potential method to efficiently obtain high-temperature crack growth characteristics of materials and to derive the transition expression of crack growth. The method using the fully plastic solution was applied to the determination of the test condition such as S and D in the slope-line-control method, and the crack growth simulation before testing was carried out to predict the testing time and number of cycles. Similar crack growth calculation was also conducted on the creep crack growth test, and the testing load was set appropriately to finish the test within the optimum testing time.
Creep-fatigue crack growth behavior of 2 1/4Cr-1Mo steel was examined under displacement hold conditions 6. CONCLUSIONS evaluation method using the fully plastic solution of the J integral was proposed, and predicted results by this method were compared with experimental results. The following conclusions were obtained from this study: (1) Creep-fatigue crack growth under displacement hold in this experiment was separated into cycle-dependent fatigue crack growth in the cyclic portion and time-dependent creep crack growth in the holding portion. These mechanisms were competitive with each other, and the crack growth behavior was governed by the dominant mechanism of fatigue and creep. (2) Although various problems require further work, the J integral approach using the fully plastic solution was found effective for the life prediction of creep-fatigue crack growth under displacement-controlled conditions with relaxation. (3) A slope-line-control method was found to be an appropriate testing method for efficiently obtaining the creepfatigue crack growth characteristics under displacement controlled conditions, which is important in the evaluation of the remaining life of actual high-temperature components.
